Introduction
[2] Scaling of soil hydraulic parameters is urgently necessary for better performance of many hydrological, meteorological, and ecological models. Often the requisite data are measured at a scale inconsistent with the inherent scale at which these models work. Hence, there is a need for scaling schemes which enable one to convert available measured fine resolution data to effective coarser resolution aggregate values or vice versa. Interconnections often exist between information across these scales [Wu and Li, 2006] . Understanding how hydraulic parameters are affected at different scales by the spatial variability of influencing factors such as soil structure and texture, vegetation, and topography is an inherent requirement of efficient scaling schemes. While it is known that connections exist between these factors and the hydraulic parameters, the exact mathematical and/or physical nature of these connections is generally unknown. Over the past few decades, numerous efforts have been made to either understand these connections and solve the unknowns, or to find a way around them so as to obtain effective parameters at multiple scales.
[3] Upscaling is the process of replacing a domain of heterogeneous soil properties with an effective, homogeneous one. Most upscaling efforts for soil hydraulic parameters published thus far [e.g., Khaleel et al., 2002; Mohanty and Zhu, 2007; Vereecken et al., 2007, and references therein; Yeh et al., 2005; Zhu and Mohanty, 2002a , 2002b , 2002c , 2004 have opted to ignore the effect of topography in their derivation of effective parameter values. This approach, which considers a flat terrain, with no lateral flows, is reasonable when the coarser support dimensions are of the order of a few hundred meters (field scale). Here, the term ''support'' refers to the area (or volume) for which the parameter value is valid [Bloschl and Sivapalan, 1995] . In such a scenario, the upscaled characteristics of the parameters are governed predominantly by the texture and structure of the soil in the domain. However, when upscaling fine-scale hydraulic parameter data to much larger extents (hillslope scales and beyond), topography plays a bigger role and can no longer be ignored. Lateral flows occur within the vadose zone because of topographic variations. Additionally, surface runoff and run on also occur. Going deeper into the causes of variation of soil hydraulic properties in space, it can be argued that the topography plays a vital role in determining the soil formation and deposition patterns [Kohnke and Franzmeier, 1995] . It has been known since the 1950s that topography plays a critical role in classification of soils. Lag [1951] and Tedrow [1951] conducted field studies to show that soils having similar morphological and genetic histories and that are subjected to similar crop practices displayed different drainage properties on the basis of the topography and the position of the soil within the landscape. Soil layer depths vary from location to location. Generally, valleys have deeper soil profiles above the bedrock than locations at higher elevations where the soil depth is determined by the slope steepness [Hillel, 1991] . In a study of five catchment areas in Australia and New Zealand , it was found that the topography and the spatial variation of soil properties and vegetation played equally important roles in the variability of soil moisture patterns. Western et al. [2004] also found that the topography played a dominant role in dictating soil moisture patterns as compared to soil hydraulic parameter variability at some sites in the same study areas. Seibert et al. [2007] analyzed soils data from the Swedish National Forest Soil Inventory to validate that, at the landscape scale, topography is important in dictating soil formation and deposition, and hence, their properties. Correlations between topographic indices and soil physical and chemical properties were analyzed in the study. Pradhan et al. [2006] showed that the value of the topographic index used in TOPMODEL [Beven et al., 1984] was dependent on the resolution of the DEM from which it was derived. A marked shift toward higher topographic index values was observed in conjunction with increase in the coarseness of the DEM resolution from 50 m to 1000 m. This phenomenon was attributed to the loss of high-frequency topographic information (or microtopography) in the coarser DEMs. Zhang and Montgomery [1994] also studied the effect of DEM grid size on land surface and hydrologic simulations, and reached the conclusion that the 10 m grid size was a ''reasonable compromise'' between the need for fine-grained accuracy and the demands of a high data volume. In another study on the application of the MIKE-SHE model using different grid sizes, Vazquez et al. [2002] found that the finest resolution used did not necessarily result in the best validation results for river discharge. On the basis of the multiple resolutions used between 300 and 1200 m, they concluded, keeping in mind the computation time and the validation of river discharge, that the 600 m grid resolution was the most appropriate for their study catchment. Kuo et al. [1999] found that the choice of grid size had a greater effect during the dry periods of simulation, as compared to the wet periods. They also found that using large grid sizes resulted in misrepresentation of the curvature of the topography.
[4] Thus, adopting the flat-terrain assumption to scaling of soil hydraulic parameters may be reasonable at smaller scales and in cases with hypothetical situations used to derive analytical solutions for the scaling problem. However, realworld applications of scaling schemes demand that the physical controls influencing soil parameter values be incorporated into these schemes. Such scenarios warrant the inclusion of the effect of topography in the upscaling algorithm when considering large extents [Mohanty and Mousli, 2000] . We present here a study to isolate the influence of topographic variations on the effective, upscaled soil hydraulic parameters under different hillslope configurations. The objective of the study was to examine the scale dependency of soil hydraulic parameters such as the saturated hydraulic conductivity, the saturation and residual soil water contents, and the van Genuchten parameters, at the hillslope scale while incorporating the influence of the physical controls such as the topography and vegetation into the scaling algorithms.
[5] Throughout this article, we refer to scaling, upscaling, and aggregation interchangeably. Upscaling is a term which signifies the direction of the scaling being applied. Hence, the uses of the two terms do not indicate different processes. The term ''aggregation'' has been used differently by some researchers. Kabat et al. [1997] defined aggregation as an areal weighted averaging of the soil texture for the domain, and then assigning hydraulic parameter values to this new texture. Niedda [2004] considered the averaging of the digital elevation model with coarsening of the scale as aggregation. In these cases, the term aggregation was used as distinct from upscaling. However, in our study, we do not aggregate either the soil texture or the elevation data for the domain. Rather, the soil hydraulic parameters themselves are aggregated at the coarse scales to provide effective values. As explained by Vereecken et al. [2007] , upscaling is the process of replacing a domain of heterogeneous soil parameter values with a single effective homogeneous value. As such, any algorithm that achieves this objective, including aggregation of soil hydraulic parameters, can be termed an upscaling algorithm [Hopmans et al., 2002; Shouse and Mohanty, 1998 ].
Mathematical Framework and Domain Setup

Power Average Operator
[6] The power average operator, as described by Yager [2001] , was used in this study to coarsen the soil hydraulic parameter values. Two types of aggregation methods are combined in this technique. In mode-like methods, the emphasis is on finding the most probable value of a parameter from a given set [Yager, 1996] . In mean type aggregation, the goal is to find the average value of the given set. By combining the features of both the aggregating methods, the power average technique provides itself as an ideal tool for use in scaling of soil hydraulic parameters. Generally, soil pedons clustered around a location tend to have similar properties, with the spatial correlation dying out as the distance between two points increases. This means that the aggregating method must take into consideration the mutual support the pedons extend to each other when clustered. The power average operator allows for such an aggregation of clustered data to combine in a nonlinear fashion to support each other.
[7] The power average operator is defined as
where
P Ã is the power average of the parameter values p i , . . . , p n , where n is the total number of nodes being aggregated. Sup(p i , p j ) is the support for p i from p j . This feature allows data clustered around a particular value to combine nonlinearly while being aggregated. The support function is the crux of the power average method. Generally, the support function is required to adhere to the following three properties [Yager, 2001] :
The third condition means that the closer the values are, the more they support each other. When p i is very close to p j (i.e., p i % p j ), Sup(p i , p j ) ! 1 and P Ã ¼ p i . When p i is very far from p j , Sup(p i , p j ) ! 0, and P Ã turns out to be the arithmetic average.
[8] A general form of the support equation is given by
where ! 0. This function is continuous, symmetric and lies in the unit interval, as required. It can be seen that as p i ¼ p j , the support value equals 1, and as the difference becomes large, the support tends to 0. The power law form of the support function is similar to the form of the transmissivity profile used in the generalized form of the TOP-MODEL algorithm to compute the topographic index [Iorgulescu and Musy, 1997] .
[9] In our application of the power-averaging operator to scaling of soil hydraulic parameters, may be thought of as a scale parameter. As such, in nature can be influenced by many factors such as the difference in elevation, distance between observations, variations in atmospheric forcings, changes in vegetation, soil texture and structure. In this study, we constrained the other factors so that could be defined as a function of only the elevation differential and the distance between observations. The value of was given by the formula
Here x, y, and z are the Cartesian coordinates of the point, while S is the scale (resolution) to which the hydraulic parameters are being aggregated. The first term on the righthand side is the normalized difference in elevation between the two locations i and j. The second term provides the linear distance between measurement values, normalized by the scale dimension. A distance which may be considered as ''far'' at one scale may not be so at a coarser scale. Hence, normalizing the actual distance by the scale dimension provides a more meaningful way of computing the support function. The linear distance between points by itself does not really give an indication of the topographic variability. Two points far apart in the X-Y direction and having no difference in the Z direction could have the same linear distance between them as points closer to each other in the X-Y direction but with a large difference in their Z coordinates. Hence, the elevation difference was considered separately to isolate the elevation differential which gives an indication of the topographic variability of the domain. Further, this term was squared to give a greater weight to it as compared to the linear distance alone. Implications of using the linear distance in all study cases are given in section 3.
Physical Domain Setup
[10] The physically based HYDRUS-3D hydrologic simulation software [ Simu°nek et al., 2006] was used to validate the upscaling scheme. The HYDRUS-3D software package solves the Richards' equation for water flow in saturated/ unsaturated domains using numerical techniques. The governing flow equation is a modified form of the Richard's equation given as
where is the volumetric water content, h is the pressure head, S is a sink term, where K r and K s are the relative and saturated hydraulic conductivities, respectively.
[11] The HYDRUS-3D software allows the user to analyze water flow through saturated, partially saturated or unsaturated regions with irregular boundaries, and composed of nonuniform soils. HYDRUS-3D allows for three dimensional flow representations in the unsaturated zone. However, the 3-D version of HYDRUS does not allow for inverse estimation of soil hydraulic parameters from flux data. This feature is available only in the 1-D and 2-D versions of this software. Kampf and Burges [2007] used the HYDRUS-2D model to inversely estimate the soil hydraulic parameters for a hillslope study area in the Panola Mountain Research Watershed of Georgia where the hydrologic responses were measured. Since we intended to consider a more realistic view of the water flow process involved in a hillslope, we decided to use the HYDRUS-3D model, even though it had the drawback of not providing an easy means of inverse parameter estimation. Hence, our approach of upscaling the soil hydraulic parameters is using a topography-based aggregation scheme, and then comparing the domain responses using these upscaled parameters with those obtained using the fine-scale soil hydraulic parameters. The upscaling algorithm was tested under multiple scenarios to validate its applicability under different conditions with respect to topography, soil distribution, land cover, and water table elevations.
Topographic Configurations
[12] Four plots of 1000 m Â 1000 m ( Figure 1 ) were generated to represent hillslopes with four specific topographic configurations. Figure 1a had a uniform slope of 1:50 (gentle slope). The second plot had a steeper uniform slope of 1:5. The third plot had a slope with a convex curvature while the fourth plot featured a concave slope geometry. In all configurations, a maximum relief of 200 m and minimum domain thickness of 20 m were maintained. Microtopography was generated for the surfaces using the HydroGen random field generator software [Bellin and Rubin, 1996] .
Soils
[13] Loam, loamy sand, sand, sandy clay loam, sandy loam, silty clay loam, and silt loam were used in this study. Soil hydraulic parameter values attributed to these soils, the residual water content ( r ), saturation water content ( s ), van Genuchten parameters ( and n), and the saturated hydraulic conductivity (K s ), were obtained from the ROSETTA [Schaap et al., 2001 ] framework embedded in HYDRUS-3D. A parallel stream tube approach was considered and the soils did not vary with depth. The choice of uniform soils with depth is justified by the fact that the spatial extent of the study domain in the horizontal directions (1 km Â 1 km) was much greater than the vertical profile (maximum of 220 m and minimum of 20 m). Hence, changes in the soil properties due to layering can be assumed to be minor.
Land Cover Configurations
[14] The performance of the upscaling algorithm was tested with four different land cover types in this study. The four scenarios had bare soil, grass, corn, and deciduous fruit trees as vegetation cover. Corresponding suitable evapotranspiration values were assigned within HYDRUS-3D to simulate these land cover types. The bare soil had no transpiration, and only evaporation values were used. Adjustments (crop factors) were incorporated into the transpiration values for the corn and deciduous fruit trees' growing seasons, while the grass cover had a transpiration rate along with the evaporation of the bare soil for most of the year, dying off in the winter months. Figure 2 shows the evapotranspiration (ET) patterns for the four land cover cases. These potential ET values were obtained from the Texas High Plains Evapotranspiration Network so as to provide realistic data for the numerical simulations and then multiplied with a crop factor for the corresponding land cover. The bimodal ET pattern for the fruit trees indicates a mix of tree types with different growing seasons.
Water Table
[15] Four water table levels were assigned to each of the topographic scenarios. Configurations with water tables at 2-4 m, 8-10 m, and 18-20 m were simulated, along with a scenario where no water table (i.e., free drainage) was assigned. These water table depths were selected to depict shallow, deep, and very deep groundwater levels. Within the ranges mentioned above, the water tables varied with the depth, i.e., locations with lower surface elevation had shallow water tables, while locations at higher elevations had deeper water tables.
Finite Element Mesh and Initial Material Distribution
[16] Finite element meshes were generated for each hillslope plot with 20 horizontal layers and lateral node spacing of 30 m. The number of nodes and elements in the finite element mesh (FEM) varied slightly according to the topographic configuration. The top surface was assigned a time-dependent ''atmospheric boundary'' condition, while the cross-sectional boundaries along the periphery of the soil plot were designated as seepage faces. The atmospheric boundary condition is system dependent and can switch between flux and head type conditions, depending on external conditions and the existing soil moisture conditions of the domain. Equation (5) can be numerically solved while restraining the absolute flux value such that two conditions are met:
h min h h max (8) where E is the maximum potential rate of infiltration or evaporation, h is the soil surface pressure head, and h max and h min are the maximum and minimum pressure heads allowed for the particular soil conditions of the domain, and n i are the components of the outward unit vector normal to the boundary. h min is determined by the equilibrium between the soil moisture and atmospheric water vapor, while h max is usually set to zero.
[17] A seepage face boundary condition is similar to the atmospheric boundary condition, except that the pressure head is held constant at h ¼ 0. This enables flow of water out of the node only if the corresponding region of the soil domain is saturated (i.e., h ! 0). This is also a timedependent boundary condition. The bottom boundary had a free drainage condition (gravity drainage) for the case with no assigned water table, while the other water table cases had a variable head boundary condition at the bottom.
[18] Initial conditions of the soil profile above the water table were given as a soil water content of 0.30 v/v. Timedependent boundary conditions such as precipitation, evaporation, and transpiration values were assigned for the domain for a period of 365 days, the duration for which the water flow was simulated in the soil domains. These conditions were held constant across all topographic scenarios to ensure similar conditions.
[19] Initially, each node in the FEM was randomly assigned one of the soil types mentioned in section 3.4. Table 1 contains details of soil hydraulic parameter values assigned initially to the FEM nodes. Root water uptake parameters were also assigned for the Feddes model, with no solute stress and a maximum rooting depth of 1 m.
[20] The power-averaging algorithm, described in section 2.1, was applied to aggregate five soil hydraulic parameters : residual soil water content ( r ), saturation water content ( s ), van Genuchten parameters and N, and the saturated hydraulic conductivity, K s . These parameters were aggregated from 30 m to resolutions of 60, 90, 120, and 240 m. This is similar to 2X, 3X, 4X, and 8X the original resolution. Rather than coarsening the FEM grid to reflect the coarser resolution distributions, we assigned the aggregated effective soil hydraulic parameters to each node within the upscaled pixel footprint. This was done so that the computational integrity of the FEM would be consistent across all scales. It must be noted that while the soil types or hydraulic parameter values are assigned by the user to the nodes, the HYDRUS program interpolates the values to the 3-D elements in the mesh. On the basis of the number of nodes in the FEM domain (which in turn is based on the topographic configuration), the number of materials obtained at each scale were slightly different for each topographic scenario. However, for each plot type, there was a reduction in the number of materials with each successive upscaling. This is logical since we were homogenizing the variety of soils into one effective soil type for the entire coarse-scale pixel. Hence, the larger the pixel size is, the smaller the number of pixels (and thus effective soil types) necessary to cover the entire domain is.
Results and Discussion
[21] Five soil hydraulic parameters, r , s , , n, and K s , were upscaled using the power-averaging operator from 30 m resolution to 60, 90, 120, and 240 m resolutions. The ''effective'' parameters at each resolution were used to simulate the soil domain using the physically based hydrologic modeling software, HYDRUS-3D. Results from these simulations were analyzed across different scales, times, and configurations to assess the ''effectiveness'' of the upscaled parameter values. We discuss in detail here the results of the cases with the grass cover, with no assigned water table.
[22] The upscaled soil hydraulic parameters for a domain with no topographic relief, i.e., a flat terrain, as obtained by using the power-averaging operator are given in Table 2 . In this case, the scale parameter, , becomes zero, and the support becomes 1. This case is provided as a base case to compare the rest of the topographic scenarios with. Table 2 also provides the descriptive statistics of the five soil hydraulic parameters at each pixel resolution for the four topographic scenarios. While the mean values for each parameter remained roughly similar at each scale for each topographic configuration, the standard deviations successively reduced with increasing coarseness. This indicates that with increasing coarseness of the scale dimension, there is reduced variability in the soil properties, and the values tend toward a single effective value. It may be observed that the K s values generally increased with increase in coarseness of the scale. This could be explained by considering the structure of the power-averaging algorithm. In conventional arithmetic averaging (simple mean), all values are weighed equally. However, the nature of the power-averaging operator is such that the values closer to the node under consideration have greater influence on the aggregate, while those further away from the node are weighed less. This means that if a node with higher K s value is close to the node under consideration, it would be weighed greater, thus nudging the aggregate toward a higher value. In nature, as scale increases, the occurrence of macropores and fractures also increases, thus nudging the conductivity toward higher values. Further, it is seen that, with the inclusion of the topographic relief into the scaling algorithm, the effective values of the soil hydraulic parameters were significantly different from those of the flat terrain case. The values presented for the flat terrain were driven purely by the heterogeneity in the soil properties, while those for the other topographic scenarios were driven by both soil and topographic heterogeneities. This difference in the values shows that the effective soil hydraulic parameters are indeed influenced by the topography.
Comparison of Ensemble Fluxes Across Scales for the Same Topographic Scenario
[23] Figure 3 shows an example plot of the simulated flux at the atmospheric boundary (top surface). In Figure 3 , positive values connote fluxes out of the soil domain (upward), and negative values mean fluxes into the domain (downward). A similar plot is also provided for the root water uptake flux (Figure 3) . The bottom boundary flux is shown in Figure 4 , and the seepage flux is plotted in Figure 5 . Figures 4 and 5 show the average flux values across the entire domain at the particular boundaries, with respect to time, for the scenario with grass cover and no assigned water table. It was seen that there were slight variations in these response signatures on the basis of the topography.
[24] The atmospheric flux signature shown in Figure 3 is similar to those for all four topographic scenarios. This is because the atmospheric forcings such as precipitation, evaporation and transpiration are the same across all the cases. Similarly, the root water uptake flux signatures are similar to that shown in Figure 3 because the rooting depth and the transpiration rates were similar in all cases. In Figures 4 and 5, the effect of the topographic configuration is seen. The depth of soil through which water has to pass is different in each scenario. Hence, the amount of storage within the domain is also different. This causes the drainage flux to vary both in quantity and time. This reasoning is true for the seepage face fluxes too. The stabilization of the bottom ( Figure 4 ) and seepage face ( Figure 5 ) fluxes in some of the domains toward the latter part of the simulation period is caused by the low infiltration into the domain. As can be seen from the atmospheric fluxes (Figure 3 ), very little water entered the domain during this time because of lower rainfall. Hence, with time, the amount of water reaching the bottom and seepage faces of the domain stabilized to a constant value controlled by the unsaturated hydraulic conductivities.
[25] The surface runoff generated by the domains is not computed in the current version of HYDRUS-3D. However, it is possible to compute the volumes off-line as the difference between the infiltration capacity and the precipitation. A plot of the cumulative surface runoff thus computed for the four topographic scenarios is shown in Figure 6 , which is representative of the runoff signatures at all the scales studied. The effect of the topographic configuration is apparent in this plot too. The scenario with a concave slope had the least soil depth in the domain. As a result, saturation of the domain was achieved much faster, resulting in higher surface runoff volumes. The domain with steep uniform slope generated the second highest surface runoff, while those with the gentle uniform slope and the convex slope generated the least. The gentle and convex slope domains had significantly higher soil volumes, and hence, their water retention capacity (volume) was also higher.
[26] Similar plots were obtained for the simulations scenarios with equivalent soil hydraulic parameters obtained at 60, 90, 120, and 240 m scales. For the aggregated soil hydraulic parameters at the coarse scale to be considered equivalent to the fine scale parameters, they should produce similar ensemble fluxes when compared to those with the fine-scale parameters. In order to verify this, statistical analyses of the atmospheric, root water uptake, drainage, and seepage flux values were made for Pearson's R, which provides a measure of correlation, and the root mean square error (RMSE) which provides a measure of the bias. For the remainder of this paper, correlation implies Pearson's correlation, R. These comparative statistics are provided in Table 3 . For all the scenarios, a very high correlation of the fluxes at the coarser resolutions with those at the 30 m scale was obtained, along with low RMSE values. The atmospheric and root water uptake flux correlations were near perfect for all topographic configurations. The bottom boundary and seepage fluxes were slightly less correlated across the scales for all topographic configurations. As before, this is explained by the constancy of the atmospheric forcings and the rooting depth. Also, the bottom and seepage boundary fluxes were more dependent on the storage characteristics of the soil in the domain. On the other hand, the atmospheric flux was dependent on only the nearsurface layers and the ambient conditions of the soil-air interface. Similarly, root water uptake was dependent on the vegetation characteristics, which were similar across the domain. All correlations had a very low p value, indicating that they were statistically significant at the 0.01 level. The low RMSE values for all boundary and vegetation fluxes show that there was no significant bias between the fluxes obtained using scaled and unscaled (30 m) soil hydraulic parameters. This, along with the high R value, indicates that the topography-based upscaling scheme has indeed resulted in equivalent soil hydraulic parameter values at the coarser scales.
Comparison of Soil Moisture States Across Time for the Four Topographic Scenarios
[27] Along with the comparison of the fluxes, comparisons of the soil moisture state of the soil domain were made at different times during the simulation period. As expected, the variability in soil moisture on a wet day, i.e., after four days of intense rainfall, was insignificant, with the entire domain being near saturation. Figure 7 shows the state of the volumetric soil moisture of the four different topographic scenarios on a day (DOY 365) after a long series of dry days, and has a wider distribution of soil moisture across the domain. Box plots of soil moisture variability on the wet and dry days were plotted for all topographies in Figure 8 . On the wet day, all four domains displayed similar median soil moisture values of around 0.30 (v/v). The distribution of soil moisture values across the domains (25th to 75th quartiles) was also narrow, showing that most of the values were in the very narrow band around the median value. On the dry day, however, the median soil moisture value for each topographic scenario was different. Domains with relatively shallow sections (gentle and concave slopes) had slightly lower average soil moistures, with a greater spread of values. This clearly shows that topography has a much greater influence on the soil moisture values as the domain dries out.
[28] Each topographic scenario had different storage characteristics which were reflected in the soil moisture patterns, as well as in the flux characteristics. In the three cases with large changes in elevation across the domain, it was seen that the lowest surface locations were the driest (Figure 7 ). While this may appear counterintuitive with regards to the flow of water, this phenomenon is explained by the conditions imposed. Uniform evaporation and transpiration rates were applied across the entire domain. This means that the atmospheric and root water fluxes, dictated by these settings, were similar across the entire domain at any given point of time. In order to sustain this flux rate, soils at the higher elevations could draw upon the moisture stored in the vertically lower levels. However, for those soils at the lower surface elevations, the thickness of the soil profile was not available to draw upon. The bottom boundary and seepage faces also drew upon this same meager moisture resource for their fluxes. Further, no account was taken of the surface flows (run on and runoff) in this study. These fluxes can account for certain changes in soil moisture, as the state is modified on the basis of the amount of water entering or leaving a pixel, particularly at lower elevations. Hence, as no flow was contributed to the lower elevations from the higher pixels, the soils at the lower elevations dried out faster in our study.
[29] Figure 9 shows the variation of the mean soil moisture state of the domain with increase in scale. For all topographies, it was observed that the variation in the mean soil moisture value was insignificant during the wetter periods (75 and 150 days). As the domain started drying, larger discrepancies were seen in the mean soil moisture state, with the values reducing as resolution coarsened. This phenomenon was less observed in the gentle slope configuration, but was readily apparent in the other three configurations. The gentle slope configuration was closer to a flat terrain than the others. Hence, the effect of topography on the scaled soil moisture values was seen less. However, how much of the soil moisture variation was explained by the topography alone was not evident here. Western et al. [1999] and Grayson et al. [1997] also found similar results in their studies of soil moisture and topography. They reported that the soil moisture showed a greater degree of spatial organization at the wetter end, attributed to the topography. This means that when we introduced the effect of topography into the scaling algorithm, the influence of the topography in this organization of the soil moisture pattern was accounted for. Hence, during the wetter periods, the deviation of the mean soil moisture value between scales was lessened.
[30] Statistical analyses of the soil moisture states of the study domains are given in Table 4 . Although not as highly correlated with each other as the fluxes, the soil moisture states were, nevertheless, highly correlated across the scales. It was also seen that, in general, the correlation within a particular topographic configuration reduced with increasing coarseness of scale. This suggests that the upscaling algorithm employed, although generally working well, did not give us perfectly equivalent soil hydraulic parameters at coarser scales (i.e., R ¼ 1 between soil moisture across scales). Also, the RMSE values for the soil moisture were generally low, with the highest difference being 0.049 v/v. The low RMSE values, as before, suggest that the soil moisture predictions using the upscaled effective hydraulic parameters were not significantly biased from the unscaled case. As mentioned before, the surface flows (run on and runoff) were not rerouted in this study. This could explain some of the loss of correlations between soil moisture values across scales. Since the lowest correlation obtained was 0.862 (see Table 4 ), we suggest that the power-averaging operator performed reasonably well for aggregating fine-scale soil hydraulic parameter values to effective, equivalent coarser-resolution values, achieving the primary objective (parameter upscaling) at hand.
Comparison of Fluxes and States From Different Initial Soil Distribution Patterns
[31] Perturbations of the initial test domains were made to generate a different distribution of the (same initial) soil materials in the domain. These cases were subjected to the same scaling and hydrologic simulation scenarios as above. This was done to test the repeatability of the test results. As expected, the soil moisture and flux patterns at the finer resolutions were slightly different from those of the first soil distribution. However, with increasing coarseness of resolution, the differences between the two soil distributions were smoothed out, and at the coarsest resolution (240 m), it was observed that the two soil moisture patterns matched very well. The mosaic of fine resolution soil properties resulted in a different pattern of surface soil moisture in the two cases. However, at coarser scales, the soil hydraulic parameters got smoothed out. Hence, where earlier a mosaic pattern was seen at the fine scale, each homogeneous coarse-scale pixel resulted in a single soil moisture value. The parameter upscaling scheme was nudging the soil hydraulic parameters toward one equivalent value. Since we are starting with a different spatial distribution of the same materials, it is logical that the coarse-scale effective parameters produce similar responses from the domain. The results obtained further validate that our topography-based scaling scheme does in fact provide effective values of soil hydraulic parameters at coarser resolutions.
Correlation With Topographic Index
[32] Computation of the compound topographic index ðlnðA=tan BÞÞ [Beven et al., 1984] has been a preferred mode of parameterizing the topography into a mathematical representation [Hjerdt et al., 2004] . By comparing the topographic complexity of a domain, as indicated by the compound topographic index (CTI), with the variability of soil moisture and hydraulic parameters, it may be possible to derive some relationship between them. Compound topographic indices, also called wetness indices, were computed for each topographic configuration in our study. In the formulation above, A denotes the upslope catchment area per unit contour length, while tan B is the surface slope at the location. The dinf algorithm suggested by Tarboton [1997] was used to compute the flow direction, and thus the upslope contributing area for the CTI. This algorithm provides a more realistic representation since the flow directions are not fixed, and flow can occur in multiple directions. At each scale, the corresponding grid size (30, 60, 90, 120, and 240 m) was used to compute the CTI.
[33] Correlations of the CTI with the surface soil moisture distribution were computed at each scale at the five observation times and four topographic configurations (Figure 10 ). It is immediately apparent that there was no statistically significant correlation between the soil moisture pattern and the CTI. This finding is in line with those of Western et al. [1999] , who reported that the wetness index was a poor predictor of soil moisture spatial variability. However, absence of statistical significance does not rule out physical significance. It is interesting to compare the behavior of the correlations (between CTI and surface soil moisture) with increasing scale (Figure 10) . The correlations followed a general trend for each topographic configuration at all observation times. However, it was seen that the correlation plots tend to smooth out during the wetter periods (days 75 and 150), as compared to the drier periods (days 300 and 365). This phenomenon was most apparent in the gentle and concave slope topographies.
[34] Correlations between the CTI and the soil hydraulic parameters were also computed (Figure 11 ). It was seen that, except for the steep slope configuration, the correlations were slightly higher than those with the soil moisture. Also, the correlation plots for the van Genuchten parameters ( and n) and saturated hydraulic conductivity (K s ) were very similar. This can be explained by the fact that these three parameters may be highly interrelated. In most cases, it was also observed that the range of the correlation coefficients was narrow till the 90 m resolution, and then there was a significant variation. This observation has implications in application of the scaling methodology to Figure 8 . Box plots of soil moisture state variation on a wet and a dry day for the four different topographic configurations. The box for each topographic configuration shows the interquartile range (first to third quartile) of the soil moisture, while the whiskers represent minimum and maximum values. more complex slopes. This could mean that the threshold beyond which the topography takes over dominance of the soil moisture and hydraulic parameter variability is close to this 90 m mark.
[35] Studies [Braun et al., 1997; Pradhan et al., 2006] have shown that the grid resolutions of the DEMs used to compute the topographic index have a significant influence on the reliability of the CTI values. As the grid sizes became coarser, the reliability of CTI reduced. Further, the soil moisture values also get smoothed out at the coarser resolutions. These two factors may influence the correlation values between the CTI and soil moisture.
Effect of Including Topography in the Scaling Algorithm
[36] As shown in sections 3.1 and 3.2, the topographybased scaling algorithm performed well for aggregating fine-scale soil hydraulic parameter values to effective values which honor the water fluxes and states at the coarser resolutions. We have also shown (Table 2) that the upscaled soil hydraulic parameters for the flat-terrain case were significantly different from those obtained by incorporating the topography in the scaling algorithm. However, in order to evaluate the necessity of including the topography in the upscaling algorithm, we performed another round of simulations using HYDRUS-3D. For this round, we applied the upscaled soil hydraulic parameters from the flat-terrain configuration to all four topographic scenarios. By doing so, we mimic the general practice of ignoring the topography in the scaling algorithm. While the simulation domains still had the topographic scenarios, the values of the upscaled soil hydraulic parameters assigned to the nodes were from the flat-terrain scenario. The comparative statistics for the domain fluxes and the surface soil moisture states obtained using the flat-terrain scaled inputs are provided in Tables 5 and 6 . It was observed that the correlations and RMSE values for both the fluxes and the soil moisture states were similar to those reported in Tables 3  and 4 for the first two levels of upscaling (60 and 90 m). However, upon further coarsening of the support, the correlations deteriorated more perceptibly, while the RMSE values were larger, as compared to those in Tables 3 and 4 . This clearly indicates that by ignoring the topography in the scaling algorithm for the coarser resolutions, we fail to account for the processes driving the soil hydraulic parameter variability at these resolutions.
[37] The concept of the threshold resolution (90 m) at which the dominant physical control shifts from soil texture and structure to topography was also further validated by these observations. In other words, soil hydraulic parameters may be effectively scaled to reflect equivalent hydrologic fluxes and soil moisture states between 30 and 90 m resolutions for the different topographic scenarios studied here without including the topography. But beyond the 90 m threshold, the inclusion of topography is necessary for improved scaling performance.
Comparison of p Norms
[38] The p norms are used to express the effective parameters in terms of the fine-scale parameters . The p norm is a generalization of the common averaging schemes. The arithmetic, geometric, and harmonic averages are particular cases of the p norm. Using the method described by Green et al. [1996] , we computed the p norms for the five soil hydraulic parameters at the different spatial scales for all four topographic scenarios as
where P Ã is the effective parameter value at the coarse scale, P i are the fine-scale parameter values, and N is the number of fine-scale parameter values. The computed p norm values are plotted in Figure 12 as a function of the spatial scale. The p norms for r and s were linear and invariant with scale. This is in line with the findings in Table 2, where it was seen that the average values did not change significantly with scale, or topographic scenario. The p norms for the van Genuchten and n parameters, and the saturated hydraulic conductivity, K s , varied nonlinearly with scale. Also, it was observed that the p norm for the van Genuchten n parameter had an increasing trend with spatial scale, while the other two parameters ( and K s ) did not show such a trend. It was also observed that the p norms for the gentle and concave slope scenarios followed similar trends for all three hydraulic parameters. This could imply that the processes governing the soil hydraulic parameter variability in the domain behave similarly under the gentle and concave slope conditions. Table  Elevations [39] The performance of the upscaling algorithm was tested with four different land cover types (bare soil, grass, corn, and deciduous fruit trees) in this study. It was found that while the individual land cover patterns had specific soil moisture and flux signatures, the topography-based scaling algorithm was able to provide effective soil hydraulic parameters at all scales with no modification to the form of the support function. While the flux signatures (particularly the atmospheric and root water uptake fluxes) and soil moisture patterns were different for each land cover type, similar correlations as those reported above were obtained across spatial scales and times for all topographic scenarios. This suggests that the land cover pattern did not have a significant influence on the upscaling characteristics of the hydraulic parameters at the scale of the hillslope studied here. This observation is in line with our hypothesis that the soil hydraulic properties and soil moisture variability is dominated by the influence of soil texture and structure at fine scales (up to field scale), by topographic features at hillslope and/or watershed scales, and land cover (vegetation) and climate forcings (precipitation patterns) at regional scales and beyond. Similarly, the topography-based scaling algorithm performed equally well under the four different water table elevation scenarios that were tested.
Variation of Land Cover and Water
[40] The above results from the suite of numerical studies suggest that the aggregation scheme, which depends mainly on the topographic characteristics of the study domain, has good potential to be used as a generic upscaling tool across topographic scenarios, soil type distributions, land cover changes, and water table elevations.
[41] Lack of perfect correlations between soil moisture and flux signatures across scales in these numerical studies may be partly explained by our choice of the scale parameter, . The value for was based on the linear distance between nodes in the FE mesh. However, especially at the surface, the soil formation and deposition patterns may not be linear. With nonlinear configurations such as the convex and concave slopes, the linear distance becomes an approximation of the actual travel distance and path of the water flow. However, when the two points i and j at which the parameters are aggregated are close to each other, approximation of the curved distance as a straight line may be considered reasonable. At large separations between i and j, this approximation is still justifiable because in this case, the support between p i and p j is small, and hence, the minor differences between the linear and curved distances may be ignored.
[42] Further, the validity of Richards' equation at such large domains under field conditions has been debated in the past [Beven, 2001; Downer and Ogden, 2003; van Dam and Feddes, 2000] . It has been shown that application of Richards' equation at large scales results in overestimation or underestimation of soil moisture. Since HYDRUS-3D solves for the Richards' equation for the 1000 m Â 1000 m domain in our study, it is reasonable to expect some deviations from the true values for the soil moisture states at the coarser pixel scales in real-world scenarios. Further, as mentioned before, the current study did not consider the overland flow. In extending the principle to larger domains, such as watershed and beyond, this can no longer be ignored. Validation of the spatial threshold beyond which topography overtakes the dominance of soil hydraulic properties is necessary by multiple case studies in realworld scenarios.
[43] This study has considered only the effect of topography on the scaling characteristics of soil hydraulic parameters, with uniform land cover, atmospheric forcings, and water table conditions across the domain at any point of time. However, field conditions are rarely so uniform. Topographies in the real world are generally much more complex mixtures of geometries. Further, as mentioned before, the current study did not consider the overland flow. In extending the principle to larger domains, such as watershed and beyond, this can no longer be ignored. Validation of the spatial threshold beyond which topography overtakes the dominance of soil hydraulic properties is necessary by multiple case studies in real-world scenarios. In the accompanying paper [Jana and Mohanty, 2012] , the topography-based scaling approach described here has been tested under field conditions (including lateral flow) at two different watershed-sized locations, Little Washita watershed in Oklahoma and Walnut Creek watershed in Iowa, and serves as further validation of the applicability of this scaling algorithm at large resolutions.
[44] Future work in this direction would be modification of the form of the scale parameter to incorporate more such influencing factors. Also, this algorithm may be incorporated into existing scaling schemes [e.g., which do not consider topographic variations, to make them more comprehensive.
Conclusions
[45] A soil hydraulic parameter aggregation scheme based on the topographic characteristics of the study domain was formulated using the power-averaging operator algorithm. Fine-scale soil hydraulic parameters were aggregated to coarser scales in four topographic scenarios. Four plots of 1000 m Â 1000 m were generated to represent hillslopes with four specific topographic configurations including gentle slope, steep slope, convex slope, and concave slope. The effectiveness of the upscaled parameters in producing similar responses for water flux and soil moisture states was tested by simulating water flow for the four domain configurations in HYDRUS-3D at different spatial resolutions.
[46] The scaled soil hydraulic parameters and the simulated soil moisture and water fluxes were compared across scale, time, soil type distribution, vegetative cover, water table elevations, and with respect to topographic indices and p norms, with good results. It was shown that topography influences the soil moisture (and, by extension, the soil hydraulic parameters) values as a domain starts drying out. It was further shown that the inclusion of topography in the hydraulic parameter scaling algorithm accounted for the variability in soil moisture and fluxes across scales for the various different conditions of soil type distribution, land cover, and water table depths. The compound topographic index (CTI) proved to be a poor estimator of the spatial variability of soil moisture. The CTI correlated slightly better with the effective soil hydraulic parameter variability, as compared with the soil moisture. More than the numerical values of the correlations, variation of the correlations with scale were of interest. Some pattern to the variation of correlation between the CTI and hydraulic parameters across scales was distinguishable. It was seen that the correlation between CTI and the effective soil hydraulic parameters changed trend beyond particular spatial scales. This observation provides validity to further investigate the use of CTI in scaling of hydraulic parameters. While the upscaling algorithm employed does not give us perfectly equivalent soil hydraulic parameters at coarser scales, reasonably good correlations are obtained. On the basis of only the topography, the scaling algorithm was able to capture much of the variation in soil hydraulic parameters required to generate equivalent flows and soil moisture states in a coarsened domain. The similar performance of the topography-based upscaling algorithm under a variety of combinations of topographic geometry, soil type distribution, vegetation cover, and water table elevation scenarios suggests that this approach may be applicable as a general upscaling scheme for use in complex landscape conditions.
